Atherosclerotic plaque rupture is the major cause of acute coronary syndrome, myocardial infarction and stroke in the western world. Stress concentration is recognized to be a good indicator of vulnerable plaques (VP). With the objective of assessing plaque mechanical properties, we developed the Lagrangian speckle model estimator (LSME) for vascular ultrasound strain elastography. However, evaluation of the stress field relies on a precise identification of the mechanical properties of plaque components. As a response to this need, our group recently developed an approach called iMOD (imaging modulography). iMOD uses a continuum-mechanics-based segmentation method and the inverse finiteelement method to reconstruct elasticity maps (or modulograms) of atheroma plaques based on the radial strain field calculated by the LSME. The present theoretical study was designed to further develop optimization procedures of iMOD to incorporate both radial and shear components of the strain tensor. Simulated IVUS images of coronary lesions with known material properties and known stress fields were used to validate the new iMOD developments. The results demonstrate promising benefits of incorporating shear strain in iMOD-LSME clinical imaging method.
INTRODUCTION
Sudden death stands at the most dreadful end of the spectrum of acute coronary syndromes. More than 50% of sudden death cases are related to an atherosclerotic plaque rupture (1) . Clinical success of a surgical intervention depends on the knowledge of whether a lesion is at risk of rupture. Intravascular ultrasound (IVUS) (2) and optical coherence tomography (OCT) (3) look promising because of their ability to detect plaques. However, since imaging features of plaque morphology and composition are insufficient predictors of risk (4, 5) , prospective prediction of plaque rupture is still imprecise. Prediction of atherosclerotic plaque rupture, therefore, remains a major challenge for vascular imaging methods and requires a precise knowledge of the arterial mechanical properties of plaque components.
Several rupture mechanisms have been proposed in recent years based on biological and biomechanical factors. Among all of them, the local maximum stress hypothesis is the most wildly accepted one (6, 7) . Therefore, plaque stress analysis is crucial in establishing a method that can eventually provide risk assessment of individual plaques.
As a response to this need, our group recently developed an imaging modulography method, called iMOD. iMOD uses a continuum-mechanics-based segmentation method and the inverse finite-element method to reconstruct elasticity maps (or modulograms) of atheroma plaques based on the radial strain field (see Le Floc'h et al. (8) for a complete mathematical description of iMOD). The required radial strain field within the plaque is calculated by an elasticity imaging method, known as the Lagrangian speckle model estimator (LSME) (9) . We recently proposed the shear strain elastogram obtained by a new implementation of the LSME. This new implementation was successfully validated against in vitro data from polyvinyl alcohol cryogel vessel phantoms and in vivo data from carotid arteries of diabetic and hypercholesterolemic pigs (10) .
The present theoretical study was designed to further develop optimization procedures of iMOD to incorporate both radial and shear components of the strain tensor. Simulated IVUS images of coronary lesions with known material properties and known stress fields were used to validate the new iMOD developments in quantifying vulnerable plaques. The results demonstrate promising benefits of incorporating shear strain in iMOD-LSME.
MATERIALS AND METHODS

Numerical Simulations of Ultrasound Images and Finite Element Model
Static finite element computations were performed on the plaque morphologies using the COMSOL Multiphysics software (Structural Mechanics Module, COMSOL, version 3.5, COMSOL Inc., Grenoble, France). Plaque geometries were meshed with approximately 7400 triangular elements. The finite element models were solved under the assumption of plane strain with a blood pressure step of 2 kPa (this pressure simulates the incremental step encounters between successive acquired IVUS images used to compute the strain tensor). All components of the model were assumed to be isotropic and quasi-incompressible with Poisson's ratios of 0.49. The fibrosis and soft necrotic core were modeled with Young's moduli of E fibrosis = 600 kPa and E core = 10 kPa, respectively. The Field II open source software (11, 12) was modified to simulate IVUS images.
Elasticity Map Reconstruction
Intravascular Elastography
The Lagrangian speckle model estimator (LSME), described in details elsewhere (9) , was used to compute the radial strain field of the simulated radio frequency (RF) images. The radial strain was computed using LSME based on a nonlinear minimization of the optical flow equation on overlapping sub-windows. In addition, our group recently extended the radial strain estimation to include rș ǻ , a shear strain constituent (10). 
where r u and ș u are displacements in radial and circumferential directions.
Plaque Elasticity Reconstruction Method
The current implementation is an improvement of our recently developed imaging modulography method (see Le Floc'h et al. (8) for a complete description of iMOD). Briefly, considering two successive image frames (at time t j-1 and t j ) of the IVUS-RF sequence, we applied the imaging modulography technique (iMOD), which involves three steps: 1) the computation of a pseudo-gradient elasticity map, 2) the dynamic watershed segmentation procedure that makes use of the previous step results to extract the inclusions' contours, and finally 3) the mathematical optimization procedure that provides the estimated Young's moduli of detected inclusions and surrounding tissue.
The present theoretical study was designed to further develop the optimization procedure of iMOD to incorporate both the radial strain and the shear strain constituents, the latter being given in equation 1. The optimization process minimizes the following objective function defined over all computational nodes (n i s): 
RESULTS
Simulated IVUS images of coronary lesions with known material properties and known stress fields were used to validate the new iMOD implementation and assess its performance in quantifying vulnerable plaques. Figure 1 compares the estimated modulograms based on two described objective functions: a) only considering the radial strain ( Figure 1a ) and b) considering both radial and shear strains (Figure 1b) . The reference input modulograms used for the simulation of IVUS images is shown in Figure 1c . The estimated and reference modulograms contain a soft region between 6 and 9 o'clock marking the necrotic core encased in fibrosis. When the material identification was performed by considering only the radial strain, an error of 18% in the Young's modulus of the fibrosis was observed. This error was reduced to 3% when the shear strain component is incorporated in the material identification process. For this dataset, there was no much improvement in the estimation of the Young's modulus of the necrotic core. Similar errors of about 7% were observed in both cases. Figure 2 shows the Cauchy shear stress magnitude maps in simulated fibrotic cap. The maps are registered to take into account the slight differences between the necrotic core morphologies in the reference and detected configurations. When the material identification process solely considers the radial strain (Figure 2a) , the maximum shear stress of the region is 1.6 kPa. Addition of the shear strain component to the material identification process results in a maximum shear strain of 2.5 kPa in the fibrotic cap near the necrotic core (Figure 2b) , which is consistent with the reference shear stress map (Figure 2c ). In addition, the estimated shear stress field based on both radial and shear strains (Figure 2b ) is in qualitative agreement with the reference shear stress map. The effect of incorporating the shear strain component into the material identification process on both stress and strain can be collectively seen in the strain energy density maps of the fibrotic cap (Figure 3) . The strain energy density is the energy stored in the body due to deformation (the area under the stress-strain curve) per unit volume, J/m 3 or Pa. Taking the shear strain component into account (Figure 3b ) results in higher strain energy density values than the ones estimated based on the radial strain alone (Figure 3a) . The estimated strain energy density map based on both radial and shear strain components (Figure 3b ) is in qualitative agreement with the reference strain energy density map in Figure 3c . High strain energy density areas near the lumen and the necrotic core are connected together making a high-energy region throughout the thickness of the cap. These characteristics are missed in the estimation based on radial strain alone (Figure 3a) . 
CONCLUSIONS
Characterizing the mechanical properties of vulnerable plaque components as accurate as possible is of paramount importance for making correct decision about medical interventions. To address this need, this study incorporates the shear strain effects, in the material identification process of the iMOD modulography method. Simulated IVUS images of coronary lesions with known material properties and known stress fields were used to validate the suggested method. The results demonstrated promising benefits of the suggested method for improving accuracy of the combined iMOD-LSME clinical imaging method in quantifying atherosclerotic plaques.
